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(57) ABSTRACT 

Gas flows of modest velocities are generated when an orga- 
nized ion flux in an electric field initiates an ion-driven wind 
of neutral molecules. When a needle in ambient air is electri- 
cally charged to a potential sufficient to produce a corona 
discharge near its tip, such a gas flow can be utilized down- 
stream of a ring-shaped or other permeable earthed electrode. 
In view of the potential practical applications of such devices, 
as they represent blowers with no moving parts, a methodol- 
ogy for increasing their flow velocities includes exploitation 
of the divergence of electric field lines, avoidance of regions 
of high curvature on the second electrode, control of atmo- 
spheric humidity, and the use of linear arrays of stages, ter- 
minating in a converging nozzle. The design becomes par- 
ticularly advantageous when implemented in mesoscale 
domains. 

18 Claims, 12 Drawing Sheets 
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Fig, 8b 
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Heat removed from object using room 
air at 72 deg F [milliwatts] 
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Convective cooling of a 1mm wide plate by "x" 
microns long (188 micron-high room air jet) 
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HIGH-VELOCITY, MULTISTAGE, NOZZLED, 

ION DRIVEN WIND GENERATOR AND 

METHOD OF OPERATION OF THE SAME 
ADAPTABLE TO MESOSCALE 

REALIZATION 5 

GOVERNMENT RIGHTS 

The invention was supported in part with government 
funds pursuant to NASA contract NNC04GA-28G. The Gov- l o 
emment has certain rights. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 15 

The invention relates to the field of ion driven wind or gas 

generators and in particular to designs capable of operating in 
meso scale implementations. 

2. Description of the Prior Art 

The physics of the ion-driven wind is reasonably well 20 
established. When an electric field acts on ions or other charge 
carriers dispersed in air, the body force on a unit volume of the 

gas, V, is equal to that on the charges it contains, provided 
that they have a constant mobility and do not accelerate. Thus 

25 

T=1e(n_+n + ) (1) 

and the local current density, 

1 =1 + +J ={K + +n + +K_n_)^e, (2) 30 

where fi, e, n, K represent electric field, fundamental 
charge, number density and mobility respectively, and the 
sign in the suffix denotes the polarity. When the charge cloud 
is unipolar, or when chaige carriers of both polarities are 35 
present, but the mobility of one is much greater than that of 
the other (e.g. electrons and ions, or ions and charged par- 
ticles) the distribution of body force and consequent pressure 
gradients results in gas flow. Because of the high potentials 
generally involved, unipolar clouds are the norm in regions 
between the relatively small zone of a corona glow ion source 
and a remote electrode, so long as the field does not reach 
magnitudes large enough to cause secondary ionization and 
electrical breakdown of the neutral gas. Thus equation (1) 


becomes 

45 

~T^=£e{n^ (la) 

and equation (2) becomes 

J={K ± n ± y&e (2a) 50 

so that 

±?=7/K ± . (3) 


It follows that, irrespective of the geometry, the body force 55 
on the gas and hence the potential to induce velocity is 
boosted by increasing current density and by decreasing 
mobility, i.e., utilizing charge carriers which exercise the 
highest drag on the neutral gas. 

The wind generated by ion drag has been termed “corona”, 60 
“electric”, “ionic” (chiefly with flames as ion sources), or 
“electrohydro -dynamically induced”, where the latter term 
has appeared more recently in application-based studies, i.e. 
electrostatic precipitation, enhanced drying, and flow control. 

To emphasize that the gas motion is bulk neutral gas flowing 65 
as a result of electric forces acting on ions, the term “ion- 
driven” wind is used in this disclosure. 


2 

Although the first documentation of ion-driven wind 
occurred in 1709, the first in-depth analysis of the phenom- 
enon was conducted almost 200 years later. There have been 
numerous studies concerning the use of ion-driven wind 
velocities for a variety of aerodynamic, heat transfer, and 
other applications, all of which would benefit from maximiz- 
ing the gas velocities. Examples include silent mass transfer 
in low flow (fan-less) electrostatic precipitators U.S. Pat. No. 
4,789,801 (1988), flow control, heat transfer, enhanced dry- 
ing, and combustion control. Much of the work in combustion 
and some in microgravity were based on using flame ions. 

BRIEF SUMMARY OF THE INVENTION 

The illustrated embodiment of the invention is an apparatus 
for generation of ion driven wind comprising a plurality of ion 
driven wind generator stages, each coupled to each other in 
series, the plurality of ion driven wind generator stages hav- 
ing an inlet and an outlet; and a nozzle communicated to the 
outlet. 

The plurality of ion driven wind generator stages include in 
each stage a sharp axial electrode and a smooth at least par- 
tially coaxial ground electrode. In the illustrated embodiment 
the plurality of ion driven wind generator stages each com- 
prise a tube housing and where the ground electrode is a ring 
electrode disposed in or on the tube housing. 

The ring electrode has an inner surface flush with an inner 
surface of the tube housing and the ring electrode comprises 
a flush axial extension of the tube housing. 

A gap distance is provided between the axial electrode and 
ground electrode. The gap distance is approximately equal to 
the diameter of the tube housing. 

Each axial electrode has a pin point and each axial elec- 
trode is completely insulated except for the pin point. 

In one embodiment the plurality of axial electrodes have an 
alternating voltage polarity applied to them. Each axial elec- 
trode has a corresponding upstream coaxial electrode, and 
each axial electrode is maintained at the same voltage polarity 
as its corresponding upstream coaxial ground electrode. The 
negative voltage source is coupled to the axial electrode. The 
voltage source provides the highest potential that can be 
achieved without electrical breakdown. 

In general, the only limitation is that the axial electrode 
have a potential difference relative to the coaxial electrode 
which is near breakdown. The sign of the difference or the 
polarities of the electrodes relative to ground is not relevant to 
whether or not an ionic wind is produced between the elec- 
trodes. Thus, the invention contemplates any absolute level of 
the voltages as might be desired relative to ground and any 
polarity difference from stage to stage as long as the potential 
difference within each stage is near breakdown. 

The illustrated embodiment ffirther comprises a source of 
low humidity air coupled to the plurality of stages. 

The plurality of stages are fabricated in a plurality of 
mesoscale layers in which the grounded electrode and axial 
electrode a defined. For the purposes of this specification a 
mesoscale flow or mesoscale apparatus is defined as an appa- 
ratus where the relevant fluid has a low Reynolds number, e.g. 
below approximately 500, and the largest relevant size of the 
subject aspect of the apparatus which affects flow is small, 
namely of the order of 1 cm or smaller. The Reynolds number 
is defined by pvL/p where p is the fluid density, p is the fluid 
viscosity, L the characteristic length scale of the system and v 
the velocity of the fluid. The Reynolds number represents the 
ratio of the momentum forces to viscous forces. In qualitative 
terms the mesoscale is the range where the wall drag on the 
fluid causes a substantial pressure drop relative to the fluid 
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momentum. In a large pipe, the momentum of the fluid flow- 
ing through it at any point is quite high relative to the drag 
force exerted at the walls, where in contrast at the mesoscale 
there is a closer match between these two. 

The plurality of mesoscale layers comprise an upper and 
lower conductive ground layer, and an upper and lower insu- 
lative channel layer disposed adjacent to the upper and lower 
conductive ground layer respectively. The upper and lower 
insulative mesoscale channel layer define an axial channel in 
which a plurality of mesoscale openings communicating the 
axial channel to the upper and lower conductive ground layers 
are defined. A middle conductive electrode layer disposed 
adjacent to the upper and lower insulative channel layers in 
which middle conductive electrode layer a corresponding 
plurality of mesoscale chambers are defined and into which 
an integrally formed mesoscale point electrode axially 
extends. 

The illustrated embodiment also includes the method of 
operating the apparatus described above and the method of 
fabricating the apparatus as a mesoscale device. 

While the apparatus and method has or will be described 
for the sake of grammatical fluidity with functional explana- 
tions, it is to be expressly understood that the claims, unless 
expressly formulated under 35 USC 112, are not to be con- 
strued as necessarily limited in any way by the construction of 
“means” or “steps” limitations, but are to be accorded the full 
scope of the meaning and equivalents of the definition pro- 
vided by the claims under the judicial doctrine of equivalents, 
and in the case where the claims are expressly formulated 
under 35 USC 112 are to be accorded full statutory equiva- 
lents under 35 USC 112. The invention can be better visual- 
ized by turning now to the following drawings wherein like 
elements are referenced by like numerals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph of the corona current as a function of the 
potential applied to various pointed electrodes. 

FIG. 2 is an experimental set up for measuring the effect on 
ion-driven wind velocities of earth electrode geometry and 
field divergence. 

FIG. 3 a is a graph of the radial profile of axial velocities for 
various electrode separations, g. The origin of the radial coor- 
dinate is arbitrary; g is given in mm. 

FIG. 3 b is the maximum velocity as a function of the 
electrode separation-tube diameter ratio. 

FIG. 4 is a graph of the central exit velocity as a function of 
current for 15 mm inner diameter, 120 nun-long tube for a 
single stage, two and three stages in series with different 
polarities. 

FIG. 5 is a side cross sectional diagram of a single stage 
generator that can be combined serially with like generators 
to provide a multistage system as shown in FIG. 6 a or 6b. 

FIG. 6a is one embodiment of a multistage generator hav- 
ing a nozzled last stage output using a series of the single 
stage generators of FIG. 5 where the coaxial electrodes are all 
grounded and the axial electrodes coupled in common. 

FIG. 6b is a multistage generator shown in a general case 
having a nozzled last stage output using a series of the single 
stage generators of FIG. 5 where the voltages applied to the 
coaxial and axial electrodes are each separately chosen as 
long as the voltage difference between the coaxial and axial 
electrodes is near the breakdown voltage. 

FIG. 7 is a graph which illustrates the flow reduction due to 
obstruction. Circles and squares represent the case when each 
stage is present only if electrically charged (“active”). Tri- 
angles illustrate level of flow when seven stages are always 
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present (regardless of activation) and “Number of Stages” 
corresponds to number of active stages. Values of efficiency, 
r|, are listed as a fraction. 

FIG. 8 are the characteristic curves for staged and nozzled 
5 ion wind generators of the illustrated embodiment. 

FIG. 9 is a graph of the mean velocity at the exit of the 
staged and nozzled ion wind generators of the illustrated 
embodiment. 

FIG. 10 is a graph of the characteristic curves of the seven 
10 stage system of the illustrated embodiment. The values of 
efficiency are listed as a fraction. 

FIG. 11 is an exploded perspective view of the various 
layers of the multistage mesoscale system of FIG. 12, as 
15 further described in connection with FIGS. 13 and 14. 

FIG. 12 is an end plan view of the assembled the multistage 
mesoscale system. 

FIG. 13 is an end plan view of the insulative layer of the 
multistage mesoscale system of FIG. 12. 

20 FIG. 14 is a plan view of the electrode layer of the multi- 
stage mesoscale system of FIG. 12. 

FIG. 15 is a perspective view of the multistage mesoscale 
system of the invention after it has been provided with an exit 
nozzle. 

25 FIG. 16 is a graph of the exit velocity as a function of the 
number of stages employed in the mesoscale system of FIGS. 

11-14 

FIG. 17 is a diagram of a nozzle exit orifice position above 
a hot plate to produce convective cooling of the hot plate, 
30 which represents any heated object. 

FIG. 18 is a graph of heat removed from the arrangement of 
FIG. 17 as a function of distance from the leading edge of the 
hot plate. 

The invention and its various embodiments can now be 
35 better understood by turning to the following detailed 
description of the preferred embodiments which are pre- 
sented as illustrated examples of the invention defined in the 
claims. It is expressly understood that the invention as defined 
by the claims may be broader than the illustrated embodi- 
40 ments described below. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

45 The present disclosure is directed to the use of coronas 
from points of high curvature as ion sources used as ion driven 
wind generators. Here the rate of charge generation continues 
to increase with the local field strength, as distinct from 
reaching a saturation value as occurs in a flame, and the 
50 potential difference required to produce a particular current 
has a direct bearing on the efficiency of the process. The 
maximum ion-driven wind velocities attainable from corona- 
based systems are limited, therefore, by both electrical and 
aerodynamic constraints. 

55 The principal electrical limitation is due to secondary ion- 
ization and breakdown at the second electrode, which is gen- 
erally the earth or ground. This creates free charges of the 
opposite polarity near its surface and their counter- flow tends 
to neutralize the space charge flux and hence the body force 
60 and flow velocity. The field increases with distance from the 
relatively small region of the corona ion source due to the 
unipolar charge cloud, as given by Gauss’s law. Thus, for a 
one-dimensional system, in which a large planar ion source, 
which is approximated, for example, by a flat “brush” of 
65 pinpoints, is faced by a large planar electrode, the planes 
being perpendicular to the distance co-ordinate, x, Gauss’s 
law becomes: 
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— = —(/!+ -n_)e 

dx Sq 


for a unipolar charge cloud, which integrates to 

E 2 -E 0 2 =2jx/eoK, (6) 

where E 0 is the field at the corona ion source and € 0 is the 
permittivity of free space. Hence the maximum prebreak- 
down current density is 

j max =(E„ 2 -Eo 2 )*oV2x, (?) 


considerations suggest avenues for maximizing ion-driven 
wind velocities by minimizing electrical limitations. 

First, the maximum current density depends on E b 2 , so 20 
much is to be gained by increasing the breakdown field at the 
electrode. Avoiding regions of high curvature on the second 
electrode is perhaps the most obvious step in designing the 
geometry. 

Exactly the opposite strategy is required at the pointed 25 
electrode, to maximize current for a given potential. The 
current/potential characteristics of different corona elec- 
trodes affect not only the efficiency of the process but also the 
maximum current through the E 0 required to produce the 
particular j, as given by Eq. (7). Since the discharge cascade 30 
is initiated by electrons, a negative potential on the corona 
electrode requires less potential difference for a given current 
than does a positive corona. 

Note also the consequence of the proportionality to K in 
Eq. (7) on maximizing wind velocities. The advantage of 35 
using large charge carriers, which exercise the highest drag on 
the neutral gas because of their low mobility (Eq. (3)), is 
cancelled out by their effect on ) max . Thus there is no point in 
using, for example, very low mobility charged particles to 
achieve the highest velocities. 40 

Furthermore, the breakdown field is approximately propor- 
tional to pressure, is inversely related to absolute temperature, 
and varies greatly from one gas to another. Thus, highly 
electronegative gases have very high breakdown strengths, 
e.g., E 0 for CC1 2 F 2 is about 5.6 times that for N 2 , implying 45 
maximum ion-driven wind velocities more than 30 times 
greater; not allowing for changes in ion mobility. In practice, 
there is usually little scope for substantial variations in these 
parameters, with the exception of atmospheric humidity, 
which has a surprisingly large effect. It is probably the main 50 
cause of day-to-day variability in measured maximum ion- 
driven wind velocities. The results, for example, for a rod- 
plane system at 0.3 m separation imply that the breakdown 
(sparking) voltage, V b , may be represented by 

55 

^=350-12.5/*, (8) 

where V b is in kV, h is the absolute humidity in g/m 3 , and 
the measurements cover the interval 0^h^l5. The implica- 
tion is that drying air at 25° C. from 40% to zero relative 
humidity can increase the breakdown field by 56%. This 60 
compares with a 3% increase due to a variability of 10° C. in 
laboratory temperature. By contrast, the potential at the onset 
of the corona discharge is not greatly affected by moisture. 

After avoiding sharp edges at the ground electrode, we next 
encourage divergence of field lines in order to lessen space 65 
charge and to prevent the build-up of field strength with 
distance. In practice, the ion concentration is so large near the 


corona needle tip that charge self-repulsion creates a rapidly 
diverging field that in the near-field is relatively insensitive to 
the ground electrode geometry. A one dimensional system is 
in any case difficult to achieve because a solid planar second 
electrode would be unsuitable for maximizing ion-driven 
wind velocities and a ring electrode used with a single point 
corona will always result in some lateral motion of the space 
charge. The relevant equations and maxima for spherically 
and cylindrically divergent fields have been published in the 
open literature, but here we are interested in unidirectional 
ion driven wind velocities, i.e., in what velocity can be 
achieved in tube-confined flow. Because space charge com- 
plicates the situation somewhat, particularly near a corona 
needle, a comprehensive treatment here of the divergence for 
all of the possible geometric shapes, sizes, and positions of 
electrodes would be intractable. Therefore, except for the 
study of the corona electrode described in the following para- 
graph, in this disclosure a ring electrode shaped for minimum 
drag and maximum breakdown field is selected and our study 
of divergence is specific to tins geometry. 

Throughout this part of the disclosure, the high potentials 
derived from electronic high tension (E.H.T.) Brandeburg 
Regulated Power Supplies units, variable up to 30 kV and 
fitted with integral voltmeters. Currents were measured using 
a microammeter (Universal Avometers). It has been reported 
that, for a negative point-plane corona at voltages near break- 
down, the current pulsates rapidly, in which case our 
microammeter would record averages, since its time response 
was too slow to follow these fluctuations. 

In these experiments, our interest was in corona electrode 
performance, and hence we used a rod as the second electrode 
to avoid any edge-induced potential breakdown at the ground. 
Initially we used fine hypodermic syringe needles (0.5 mm 
external diameter, ground at an oblique angle) for the corona 
electrodes, on the assumption that they would provide the 
sharpest points. This proved not to be the case, as the com- 
parison with various other corona electrode points show in the 
graph of FIG. 1. The earth electrode 20 was a smooth cylin- 
drical rod of large diameter placed horizontally, at right 
angles to the needle 1 0, at a distance of 20 mm from the point. 
A large number of alternative corona discharge electrodes 
22-32 were studied, using various points, metals and coat- 
ings. The current/voltage characteristics of some of these are 
shown in FIG. 1, where “hypo” stands for the hypodermic 
syringe needles 22, 24 described above, “blunt” for a hypo- 
dermic syringe needle 32 whose point had been cut away, 
“sooty” for “coated with soot” 28 and “Wo” for a tungsten rod 
3 0 ground to a fine point. The tungsten needle 3 0 could also be 
transiently heated, to reduce its work function further. With 
the exception of “hypo +ve” 24, all the points were held at a 
negative potential. 

It will be seen that pins (commercial dressmakers’, or 
safety pins) are marginally preferable, though the major dis- 
advantages arise only from applying a positive potential and 
from reducing the points’ curvature. The plasmas are main- 
tained by the Townsend field. The source of the electrons, 
which attach to become the negative ions used in the negative 
corona discharges, is the avalanche of electrons that main- 
tains the process by photo -ionization of the gas molecules due 
to the UV radiation from the corona glow itself. A side effect 
of this process is that negative coronas produce significantly 
more ozone than do positive coronas. In cases where genera- 
tion of ozone is an environmental or health concern a conven- 
tional ozone filter can be combined with the apparatus to 
reduce or eliminate ozone emissions. 

As diagrammed in FIG. 2 the distributions of local ion- 
driven wind velocities were measured using Pitot microtubes 
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34 linked by a length of insulating tubing to a micromanom- 
eter (Furnace Control Ltd.) (not shown). The tubes 34 were 
glass capillaries of 0.5 nun internal and 1 nun external diam- 
eter and they were generally used beyond the regions of 
electric field and ion space charge. In all cases the maximum 
ion-driven wind velocities were recorded at a potential such 
that any further increases would result in the onset of a break- 
down discharge at the earth electrode, accompanied by a 
decrease in velocity. Clearly in the case where the object is to 
generate air or fluid flow, any type of Pitot tube or measure- 
ment device will be omitted. 

The system used to study the effects of the earth electrode 
geometry and field divergence is illustrated in the diagram of 
FIG. 2. Measurements were carried out in 15 and 25 mm 
internal diameter (d in FIG. 2) tubes 36. Initially, thin metal 
foil rings 38 attached to the inside of the tube 36 were used as 
earth electrodes. However it was found that the arrangement 
shown in FIG. 2 of attaching a smooth metal ring 38 of the 
same width as the tube 36, with adhesive, so that it was 
mounted flush as a 2 mm extension to the tube 36, delayed 
breakdown and yielded higher velocities. The effect of field 
divergence was investigated by varying the electrode gap, g, 
between the pin 10 and ground electrode 38 (20). 

Results in the 25 mm diameter tube are shown in the graph 
of FIG. 3 a. The velocities are components in the axial direc- 
tion of tube 36. The central maxima are plotted against the 
ratio of the electrode gap, g, to the tube diameter in FIG. 3 b. 
The curve manifests a rather flat maximum but it does occur 
close to the 0.5 value where the electrode separation is equal 
to the tube radius, corresponding to the spherical divergence 
case. The results for the 15 mm diameter tube were similar. 

It was observed that expulsion of breath anywhere near the 
air intake caused instant breakdown at any appreciable poten- 
tial. The increase in humidity severely limited the maximum 
attainable ion-driven wind velocities. This also confirmed our 
suspicion that changes in atmospheric humidity were respon- 
sible for changing maximum wind velocities from day to day. 
Obtaining day-to-day consistency was important for generat- 
ing data trends and understanding ion- driven wind behavior. 
Although the trends are repeatable, it is likely that accurate 
reproduction of the absolute experimental values presented in 
most atmospheric corona dischaige studies is difficult. This is 
because subtle electrode variations (e.g., alignment, micro- 
scopic scratches or burs) and humidity can have substantial 
influence. 

When the laboratory was provided with a continuously 
operating dehumidifier, the voltage at breakdown, the maxi- 
mum current, and the maximum ion-driven wind velocities 
increased substantially. Also, the day-to-day variability in all 
the magnitudes was much reduced. The maximum axial 
velocity for the 25 mm diameter tube was 4.5 m/s and the 
volume flow almost a liter per second (typically 0.93 1/s). 

It follows from Eq. (3) that the pressure head, Ap, driving 
the wind velocity in a one-dimensional system is the integral 
of j/k over the inter-electrode distance x. Hence the exit veloc- 
ity (or rather the velocity increase, if the initial velocity is not 
zero), is given by 


V = [2 P fl dx -A PL f\ <9) 

where Ap z is the pressure loss due to drag, at that velocity 
and k is mobility. The effect of such pressure losses have been 
formulated in detail for coronas and flame ions. However, all 
these prior art studies used various metal grids as earth elec- 
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trodes. The earth electrodes flush with the tube walls as used 
in the disclosure offer much less resistance to the flow. 

Nevertheless the pressure head is very small and the drag 
also involves entraining ambient gas since, for incompress - 
5 ible flow, the flow cannot accelerate without entrainment. It 
has been shown that a solid planar earth electrode induces a 
toroidal vortex, the axial flow towards its center tending to 
return around the periphery. As discussed earlier, the interac- 
tion between the charge carrier and the neutral gas is defined 
10 by its mobility, K, which represents its effectiveness as a 
virtual impeller. As K tends to zero, hypothetically, the charge 
carriers would tend to drive the neutral gas essentially as a 
piston. However, molecular ions are very small and have large 
mobilities. It offers some physical insight into the permeabil- 
15 ity of the ion cloud as a flow impeller to bear in mind that, 
while it moves in the direction of the field vector with an 
organized unidirectional velocity of the order of 103 m/s 
(KE & ) superimposed on its Maxwellian velocity distribution, 
only one in about 10 1() molecules is an ion. These devices, 
20 therefore, behave much like fans, in that they can deliver a 
substantial volume flow only against negligible back pres- 
sures. 

Unlike a fan, however, the flow output of an ion-driven 
wind generator is limited by the electrical breakdown 
25 between the charged electrode and the ground. In attempting 
to increase gas velocities, we explore generators staged in 
series and confined within a tube. By analogy to fans in series, 
we predict that each stage will contribute an equal total pres- 
sure rise, usable (in an ambient exit environment) either for 
30 overcoming flow loss or conversion to velocity. Since a 
monotonic relationship links mass flux and fan rotational 
speed, operating fans at identical speeds when staged in series 
will maximize the throughput. That is, if the tube cross- 
sectional area is constant and the air can be considered incom- 
35 pressible in subsonic flow, the same mass flux must pass each 
stage and, in the case of fans, unequal rotational speeds would 
cause inefficiencies. Similarly, the monotonic relationship 
between mass flux and electric field ensures that an identical 
field applied to each generator in the array will maximize the 
40 flow. Theoretically, the dynamic pressure gained by serial 
staging ion-driven wind generators is 

Payrr^P=nJ) p , ( 10 ) 

where Ap is dynamic pressure obtained in a single stage 
45 and n a represents the number of stages. 

Depending on geometry, the maximum exit velocity is 
limited by the back pressure or by electrical breakdown. 
Multi-stage ion-driven wind generators connected in series 
aggregate Ap but increase exit velocity only so long as the 
50 velocity -dependent back pressure does not become limiting. 
Beyond that point, the back pressure aggregates in step with 
the driving pressure and the velocity increase levels off. The 
accumulation of pressure losses is aggravated by the need for 
additional tube length to separate the stages sufficiently to 
55 avoid a reverse field (pin to preceding earthed ring). These 
reverse field losses can be ameliorated by insulating all but the 
pin-points of the corona needles. An effective alternative 
strategy is to alternate polarity so that each pin is of the same 
polarity and equipotential with the preceding ring. This 
60 allows pins to be attached to the preceding ring electrode, 
thereby shortening the system and decreasing wall losses, 
though there is some performance degradation arising from 
differences between positive and negative coronas. 

FIG. 4 illustrates the situation where the maximum exit 
65 velocity is limited by the velocity-dependent back pressure in 
a long narrow tube. The tube diameter was 1 5 mm, the length 
(required to aggregate three stages) was 120 mm, the ring 
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electrodes were of copper foil attached to the inside of the 
tube, and the exit velocity was measured centrally by a 2 mm 
inner diameter Pitot tube. At around 20 mA current, the effect 
of aggregating stages is still pronounced; at the maximum 
velocity it is small. Again in a commercial production unit 
there would be no need for and Pitot tube provided. 

Consider now the differences that result from some 
changes in the experimental system. In order to study aggre- 
gates of larger number of stages, a modular system was 
devised. In this alternate system, the variable high voltage 
power supply 64 (Glassman High Voltage, Inc., 
PS/EL30N01 .5) provided potentials up to 1 8 kV (negative) to 
a needle 10 relative to a grounded ring 20, as shown in the 
diagram of FIG. 5. The power supply 64 provided digital 
readouts of both the applied voltage 66 and the system current 
68; the latter was verified with an independent measurement 
of voltage drop across a large resistor. The velocities were 
measured using a vane anemometer 74 shown in FIG. 7 
(Pacer Industries DA-40). As discussed above, E & and other 
results of corona-based experiments are notoriously depen- 
dent on the moisture content in the air. Therefore, constant 
laboratory relative humidity, measured using a Testo model 
605-H1 hygrometer, was maintained at 50%±5%. The tem- 
perature was 23±1° C. for all measurements. 

The apparatus is shown in FIGS. 5 and 6. A single stage 
comprised an acrylic housing or tube 70 (ID=25.4 mm and 
length of 38.1 mm where 33.3 mm is exposed to the flow), an 
acrylic needle mount (not shown), a needle 10, and a 
grounded copper ground tube 20 (10=25.4 mm and L=17:8 
mm). The needle 10 (body diametei^7 1 0 pm, tip diameter 
approximately 50 pm) came from a steel safety pin and was 
17.8 mm long. As mentioned above, in order to keep a mul- 
tistage system reasonably short, it was necessary to com- 
pletely cover with shrink tubing the soldered joint where the 
rear of the needle connected to a high-voltage wire 72. This 
prohibited the air from producing a corona discharge at the 
rear of the needle 10, thus preventing it from generating a 
reverse field with the stage immediately upstream. The needle 
tip was 5 mm from the entrance plane of the copper ground 
tube 20 . The breakdown voltage was - 1 8 kV, and - 1 5 kV was 
used for the experiments. The needle mount blocked one 
quarter of the flow area and it is this obstruction that caused 
the majority of the flow power loss. The blockage affected 
only the magnitude of the volumetric flow. The volume flow 
rate was measured for serial staged ion driven wind genera- 
tors and the dynamic pressure, based on the mean velocity, is 
shown in FIG. 7. 

Each stage contributes a static pressure rise, Ap, although, 
as discussed above, mass conservation prohibits the velocity 
from varying inside the constant area tube 70. This results in 
an increase in the stagnation pressure, p 0 , such that the veloc- 
ity (constant in the system) increases as 

va(2Ap) 1/2 . (11) 

The triangles in FIG. 7 show that dynamic pressure 
increases linearly with the number of stages, as Eq. (9) sug- 
gests. In this scenario, all seven stages are present, regardless 
of the number of stages active. The circles in the graph of FIG. 
7 represent the case when the stage is present only if it is 
electrically charged. The latter scenario is unaffected by the 
friction loss of unused stages, and hence the dynamic pressure 
is higher (except for the seven-stage case when both scenarios 
are identical). The largest frictional loss comes from the flow 
area blockage of the needle mount. The tube 70 is smooth 
(acrylic), and since it is relatively short, the loss associated 
with the wall friction is small compared to that of the needle 
mount. The Reynolds number, Re, ranges from 3000 (one 


10 

stage) to 6000 (seven stages), and hence, for flow loss con- 
siderations, it can be considered turbulent. The loss (domi- 
nated by the needle mount minor loss), p fHc , can be consid- 
ered a fraction, f, of the dynamic pressure. Variation of f with 
5 Reynolds number can be ignored. In the theoretical case that 
the needle mounts could be removed, the pressure increase 
would be linear, following Eq. (8), where n a represents the 
number of stages active. The with-mounts case requires a 
description of the friction, 
to 

VjHc=^Pdya ( 12 ) 

so that 

15 Pdyn^aDp-KpfPdyn- ( 13 ) 

In the case that all seven stages are always present, n p is 
constant, along with f and Ap and a linear relationship results 
between p dyn and n a . However, if only the active stages are 
present, p dyn depends on both the number of stages and on the 
20 friction loss, which itself depends on p dyn so that parabolic 
behavior is expected in agreement with the results in FIG. 7. 

The use of an exit nozzle 76 increases velocity. In a staged 
ion-driven wind pump, the velocity through the core of a 
pump stage is limited, but the driving pressure head is not. 
25 That is, the aggregated total pressure difference is equal to 
ZAp, or nAp, where n is the number of stages, if all contribute 
equally. This suggests a novel approach to increasing ion- 
driven wind velocities by aggregating pressure rises, using 
many stages and attaching a converging nozzle 76 at the exit. 
30 In addition to increasing the exit air velocity, the nozzles 76 in 
the experiment served as a calibration flow meter for the vane 
anemometer 74, where the velocity into the nozzle 76 was 
calculated from the nozzle inlet-to-exit area ratio and the 
measured pressure drop across it. Pressure measurements 
35 were made with a micromanometer (TSI DP-Calc). The 
nozzle meter calibration was itself verified by timing the 
inflation of a 5 -gallon bag. The plastic nozzles had a fixed 
converging angle such that the inlet diameter of 65 .5 mm was 
reduced to 21 .5 mm at a distance downstream of 1 05 mm. All 
40 nozzles used this convergence ratio so nozzles of exit diam- 
eters larger than 21 .5 mm are shorter than 105 mm. By load- 
ing the system with a converging exit nozzle, the flow can be 
accelerated, though the mass flux decreases. A nozzle pro- 
duces little velocity increase in a single stage because the 
45 pressure drop caused by the restriction generally offsets any 
velocity gains. Furthermore, staging in the absence of an exit 
nozzle 76 provides little velocity improvement. However, 
velocity can be maximized by staging ion-driven wind gen- 
erators (electric field just below breakdown) and loading the 
50 entire system with a converging exit nozzle 76. The decrease 
in exit area accelerates the fluid, and the staging provides 
sufficient driving pressure to overcome the pressure drop 
created by the nozzle 76. 

Experimental verification of the aggregated stage nozzle 
55 design, shown in FIG. 6a, was accomplished for six nozzle 
sizes (exit area in cm 2 ): 0.85, 1.59, 2.21, 2.85, 3.49, and 4.57. 
FIG. 6a is an embodiment where all the axial electrodes are 
coupled together and the coaxial electrodes are coupled to 
ground. Tests were also conducted with the system com- 
60 pletely blocked (nozzle exit area 0.0) and completely open 
(5.07 cm 2 ). For a fixed number of stages, this experiment 
approximates the procedure used to characterize fans, where 
loading causes a decrease in flow and an increase in static 
pressure. 

65 FIG. 6b is an alternative embodiment which allows each 
axial and coaxial electrode to be provided with a potential at 
a different value and polarity, V x . . . V 6 , as long as the 
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difference between the axial electrodes and downstream 
coaxial electrodes V 1 -V 2 , V 3 -V 4 , V 5 -V 6 , is near break down. 

For the ion-driven wind system, the static pressure increase 
at the nozzle inlet is plotted against the volume flow rate in the 
graph of FIG. 8. For the case of no nozzle (i.e., data along the 5 
horizontal axis), the data is equivalent to that shown in FIG. 7. 
The data along the vertical axis shows a linear increase in 
static pressure with number of stages. The dashed lines 78 
represent the behavior of a particular nozzle and different 
numbers of stages, where the left most line 78 in FIG. 8 10 
coincides with the smallest nozzle exit (0.85 cm 2 ). 

FIG. 9 is a graph which shows the mean velocity at the 
nozzle exit plane, as calculated from the flow rate measure- 
ment and the area of the nozzle exit. An ion-driven wind faster 
than 7 m/s volumetric flow (mean) was achieved for our 
seven-stage system. 

The total, static, and dynamic pressures are shown for the 
seven-stage case in the graph of FIG. 1 0, where the total is the 
sum of the static and dynamic pressures. The trends are very ^ 
similar to those of conventional fans. 

It has been reported in the prior art that the energy effi- 
ciency (i.e. Flow power out=Electric power in) out of a simi- 
lar ion driven wind generating device was less than 1%. 
Though this appears poor, for small-scale airflows, the ion 
driven wind system efficiency may surpass conventional fan 
technology because electrostatic forces scale more favorably 
as size decreases. The energy efficiency for the staged, ion- 
driven wind in the absence of a nozzle is shown in FIG. 7. The 
efficiency, r\, is defined as 

P ^PQvlean TiP^mean 

_ r output _ 2 2 2 


where P is power, hi the mass flow rate, p the density of air, 

Q the volume flow rate, v mean the mean air velocity, A the tube 
area, V the applied voltage, and i is the electrical current. In 
this fashion, the output power is the kinetic energy (approxi- 40 
mately, as mean velocity values were used rather the velocity 
profiles integrated across the exit area). This definition of 
efficiency differs from that for fans because we only consider 
the kinetic energy of the air as output power and the flow work 
associated with bringing the fluid into a pressurized environ- 45 
ment is considered lost. Our pressurized environment is lim- 
ited to the region inside the nozzle 76, and the purpose of the 
nozzle 76 is to accelerate the fluid rather than to pump fluid 
from an atmospheric pressure environment into a pressurized 
system. The electrical current and input power ranged from 50 
200 to 870 mA and 3 to 13 W, respectively, for one to seven 
stages. FIG. 10 shows the effect of nozzle loading on effi- 
ciency and the maximum values of efficiency are just over 
10 -3 (or 0.1%). 

Therefore, methodologies for maximizing ion-driven wind 55 
velocities originating from point corona discharges and 
emerging from circular orifices are disclosed above. The 
results for an individual stage imply that the optimum design 
requires a sharply pointed pin, at the highest negative poten- 
tial that can be achieved without electrical breakdown, to be 60 
placed axially within an insulating tube, fitted with an earthed 
metallic ring at a separation equal to the tube radius. Best 
results are obtained when the ring has no sharp edges, is 
cemented flush with the tube walls at its exit, and the ambient 
air is dehumidified. For linear arrays of multiple stages, the 65 
exit velocity increases appreciably only up to the point 
beyond which the back pressure aggregates in step with the 
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driving pressure. This limitation, however, does not apply to 
aggregating pressure rises using many stages and terminating 
the assembly in a converging nozzle 76. In this respect, the 
characteristics of multi-staging are analogous to that of fans. 
Using seven stages, we have more than doubled the maximum 
ion-driven wind velocities reported hitherto. The overall effi- 
ciency of the process is low. However, the devices offer some 
advantages where modest gas flows are required, in that they 
are light-weight, robust, involve no moving parts and, with 
suitable circuitry, operate on the smallest of batteries. With 
reference to electrically controlled burners, for example, the 
velocities we have achieved are at least 20 times the maxi- 
mum burning velocities of stoichiometric hydrocarbon/air 
mixtures. 

The value of the multistaged, nozzled ion wind generator, 
however, is not in competition with conventional fans, but in 
miniaturization at the micro or mesoscale. FIG. 11 is an 
exploded assembly diagram in perspective view of an illus- 
trated embodiment in which a multistaged ion driven wind 
generator has been devised using conventional microlitho- 
graphic or MEMS fabrication techniques. The illustrated 
embodiment is comprised of five mesoscale layers. As shown 
in FIG. 11 there is an upper and lower conductive ground 
layer 80a and 80/?, which are the outer layers. Moving inward, 
next comes an upper and lower insulative channel layer or 
manifold 82a and 82 b. The upper and lower insulative mesos- 
cale channel layer 82a and 82 b each have an axial or longi- 
tudinal channel 86 defined in them. Fluid or air can flow from 
an inlet end of channel 86 to an outlet end of channel 86. A 
plurality of mesoscale openings 88 defined in channel layer 
82a and 82 b communicate the axial channel 86 to the upper 
and lower conductive ground layers 80a and 80/?. Finally, 
sandwiched between channel layer 82a and 82 b there is a 
middle conductive electrode layer 84. A corresponding plu- 
rality of mesoscale openings or chambers 90 are defined in 
conductive electrode layer 84. .An integrally formed mesos- 
cale point electrode 10 extends along the longitudinal axis of 
each chamber 90. Each chamber 90 in layer 84 and the com- 
municating portions in the openings defined in layers 80a, 
80/?, 82a, and 82 b collectively define a single ion wind stage, 
which is communicated to an upstream and downstream iden- 
tical stage through common channel 86. 

More specifically, a pair of planar conductive layers 80a 
and 80/? made of copper or other conductive material form the 
grounded electrodes. At the mesoscale, layers 80a and 80/? 
may be layers 210 mm by 5 mm rectangular shapes of any 
thickness. Manifolds 82a and 82 b are made of an insulator, 
such as acrylic, and have formed therein an axial channel 86 
through which a plurality of openings 88 are defined, extend- 
ing to expose layers 80a and 80/? when assembled as shown in 
FIG. 12. Manifolds or channel layers 82a and 82 b are shown 
in end plan view in FIG. 13 and in the illustrated embodiment 
have a center thickness at channel 86 of about 100 pm. Sand- 
wiched between manifolds 82a and 82 b is a 100 pm thick 
conductive electrode layer 84 in which a plurality of openings 
90 are defined corresponding to the plurality of openings 88 in 
manifolds 82a and 82 b. Each opening 90 has a corresponding 
1 00 pm long axially extending electrode 10 which is provided 
with a sharp point. In the illustrated embodiment electrodes 
10 are isosceles triangles with 30 degree tips. The openings 90 
are approximately 2 mm long. When assembled as shown in 
FIG. 12 each electrode 1 0 is suspended in a chamber by a 1 00 
pm arm 92 extending across the chamber collectively formed 
by opening 90, channel 86 and openings 88. An electrical 
connector 86 extends from layer 84 to allow for ease of 
connection to a high voltage source. 
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In the mesoscale embodiments described, it is clear that 
100 serial stages can be provided in a system 210 mm long. 
FIG. 15 shows the system of FIGS. 11-14 provided with a 
prismatic, triangular exit nozzle 76 having its 1 mm by 1 mm 
inlet orifice communicated to the end of channels 86 and 
which is provided with an 1 mm by 0.17 nun exit orifice 94. 
The invention also contemplates the embodiment where 
nozzle 76 may be a negligibly mild contraction or narrowing. 

FIG. 1 6 is a graph of the mean velocity of the system shown 
in FIG. 15 as a function of the number of stages, showing a 
velocity approaching 30 m/sec. Consider a cooling applica- 
tion as diagrammatically shown in FIG. 17, where the nozzle 
16 of the system of FIG. 15 is placed adjacent to a 1 mm wide 
hot plate 96 and blows a jet stream 0. 17 mm high across plate 
96. The predicted heat removal is shown in FIG. 18 as a 
function of the distance, x, from the leading edge of plate 96 
using cooling air at 72° F. for a plate 96 at 125° F. and 200° F. 

Therefore, it can be appreciated that what is disclosed is a 
staged, nozzled ionic wind generator, which can be used for 
convective heat transfer in miniaturized applications at the 
mesoscale. The illustrated embodiment shows a 100-stage 
unit with approximate overall dimensions of 5 minx 5 
mmx2 10 mm, which contains a flow channel of 1 mmxl mm. 
An exit nozzle has been suggested, which would produce a 
rectangular outlet jet that is 1 nun by 0.17 nun. The expected 
mean velocity of the jet is 30 m/s. If placed parallel to a 200 
deg F. surface 1 nun wide by 1 .7 nun deep, 65 mW will be 
removed by the ambient incoming air drawn through the 
ion-wind generator. 

The geometry of the application at hand will greatly affect 
the design of the ion- wind generator. If a large surface is to be 
cooled, a steeply converging exit nozzle may or may not be 
advantageous. The conversion to velocity across an exit 
nozzle comes at a cost of reduced mass throughput. Yet, the 
disadvantage to larger, un-nozzled systems is the reduced 
cooling downstream of the location where the wind first 
comes in contact with the surface. This comes about because 
the boundary layer grows downstream and disrupts the veloc- 
ity and temperature gradients normal to the surface. 

Based on this last point, it may be more advantageous to 
utilize an array of nozzled wind generators. If an array of 
nozzled generators are separated by some optimum distance, 
the boundary layer can be continuously “reset” to zero with 
each additional stage. Thus, such arrays may used multiple 
serially staged ion driven wind generators which are arranged 
in parallel arrangements with the outputs directed or not by 
corresponding nozzles or shaped channeling orifices. Mini- 
mizing the boundary layer growth has a further advantage of 
reduced operating noise. Determining the optimum geomet- 
ric setup is further complicated by new physical laws and 
empirical correlations associated with scaled down systems. 
We expect that the velocity gain associated with an exit nozzle 
will always produce more cooling than un-nozzled systems if 
the exit dimensions of the nozzle is larger relative to the size 
of the object being cooled or large relative to a “hot-spot” 
being targeted on a larger object. 

Many alterations and modifications may be made by those 
having ordinary skill in the art without departing from the 
spirit and scope of the invention. 

Therefore, it must be understood that the illustrated 
embodiment has been set forth only for the purposes of 
example and that it should not be taken as limiting the inven- 
tion as defined by the following claims. For example, not- 
withstanding the fact that the elements of a claim are set forth 
below in a certain combination, it must be expressly under- 
stood that the invention includes other combinations of fewer, 
more or different elements, which are disclosed in above even 
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when not initially claimed in such combinations. A teaching 
that two elements are combined in a claimed combination is 
further to be understood as also allowing for a claimed com- 
bination in which the two elements are not combined with 
5 each other, but may be used alone or combined in other 
combinations. The excision of any disclosed element of the 
invention is explicitly contemplated as within the scope of the 
invention. 

The words used in this specification to describe the inven- 
10 tion and its various embodiments are to be understood not 
only in the sense of their commonly defined meanings, but to 
include by special definition in this specification structure, 
material or acts beyond the scope of the commonly defined 
meanings. Thus if an element can be understood in the context 
1 5 of this specification as including more than one meaning, then 
its use in a claim must be understood as being generic to all 
possible meanings supported by the specification and by the 
word itself. 

The definitions of the words or elements of the following 
20 claims are, therefore, defined in this specification to include 
not only the combination of elements which are literally set 
forth, but all equivalent structure, material or acts for per- 
forming substantially the same function in substantially the 
same way to obtain substantially the same result. In this sense 
25 it is therefore contemplated that an equivalent substitution of 
two or more elements may be made for any one of the ele- 
ments in the claims below or that a single element may be 
substituted for two or more elements in a claim. Although 
elements may be described above as acting in certain combi- 
30 nations and even initially claimed as such, it is to be expressly 
understood that one or more elements from a claimed com- 
bination can in some cases be excised from the combination 
and that the claimed combination may be directed to a sub- 
combination or variation of a subcombination. 

35 Insubstantial changes from the claimed subject matter as 
viewed by a person with ordinary skill in the art, now known 
or later devised, are expressly contemplated as being equiva- 
lently within the scope of the claims. Therefore, obvious 
substitutions now or later known to one with ordinary skill in 
40 the art are defined to be within the scope of the defined 
elements. 

The claims are thus to be understood to include what is 
specifically illustrated and described above, what is concep- 
tionally equivalent, what can be obviously substituted and 
45 also what essentially incorporates the essential idea of the 
invention. 

We claim: 

1 . An apparatus for generation of ion driven wind compris- 
ing: 

50 a plurality of ion driven wind generator stages, each 
coupled to each other in series, the plurality of ion driven 
wind generator stages having an inlet and an outlet and 
include in each stage a sharp axial electrode and a 
smooth at least partially coaxial ground electrode, 

55 wherein the plurality of stages are fabricated in a plurality 
of mesoscale layers in which the grounded electrode and 
axial electrode are defined, and 

where the plurality of mesoscale layers comprise: 
an upper and lower conductive ground layer, 

60 an upper and lower insulative channel layer disposed 
adjacent to the upper and lower conductive ground 
layer respectively in which upper and lower insulative 
mesoscale channel layer an axial channel is defined 
and in which upper and lower insulative channel layer 
65 a plurality of mesoscale openings communicating the 

axial channel to the upper and lower conductive 
ground layers are defined, and 
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a middle conductive electrode layer disposed adjacent to 
the upper and lower insulative channel layers in which 
middle conductive electrode layer a corresponding 
plurality of mesoscale chambers are defined into 
which an integrally formed mesoscale point electrode 
axially extends; and 

a nozzle communicated to the outlet. 

2. The apparatus of claim 1 where the plurality of ion driven 
wind generator stages each comprise a tube housing and 
where the ground electrode is a ring electrode disposed in or 
on the tube housing. 

3. The apparatus of claim 2 where the ring electrode has an 
inner surface flush with an inner surface of the tube housing. 

4. The apparatus of claim 2 where the ring electrode com- 
prises a flush axial extension of the tube housing. 

5. The apparatus of claim 2 where a gap distance is pro- 
vided between the axial electrode and ground electrode and 
where the gap distance is approximately equal to the diameter 
of the tube housing. 

6. The apparatus of claim 1 wherein each axial electrode 
has a pin point and where each axial electrode is completely 
insulated except for the pin point. 

7. The apparatus of claim 1 wherein the plurality of axial 
electrodes have an alternating voltage polarity applied to 
them, where each axial electrodes has a corresponding 
upstream coaxial electrode, and where each axial electrode is 
maintained at the same voltage polarity as its corresponding 
upstream coaxial ground electrode. 

8. The apparatus of claim 1 further comprising a negative 
voltage source coupled to the axial electrode, the voltage 
source providing the highest negative potential that can be 
achieved without electrical breakdown. 

9. The apparatus of claim 1 further comprising a source of 
dehumidified air coupled to the plurality of stages. 

10. A method for generating ion driven wind comprising: 

operating a plurality of ion driven wind generator stages in 

series, the plurality of ion driven wind generator stages 
having an inlet and an outlet; 

flowing gas through each of the plurality of ion driven wind 
generator stages by means of an ionizing voltage applied 
between a sharp axial electrode and a smooth at least 
partially coaxial ground electrode; 

fabricating the plurality of stages in a plurality of mesos- 
cale layers in which the grounded electrode and axial 
electrode are defined, 

wherein fabricating the plurality of stages in a plurality of 
mesoscale layers comprise: 

providing an upper and lower conductive ground layer, 
providing an upper and lower insulative channel layer, 
disposed adjacent to the upper and lower conductive 
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ground layer respectively in which upper and lower 
insulative mesoscale channel layer an axial channel is 
defined and in which upper and lower insulative chan- 
nel layer a plurality of mesoscale openings conunu- 
5 nicating the axial channel to the upper and lower 

conductive ground layers are defined, and 
providing a middle conductive electrode layer disposed 
adjacent to the upper and lower insulative channel 
layers in which middle conductive electrode layer a 
to corresponding plurality of mesoscale chambers are 

defined into which an integrally formed mesoscale 
point electrode axially extends; and 

nozzling flow at the outlet. 

11. The method of claim 10 where flowing gas through 
1 5 each stage by means of an ionizing voltage applied between a 
sharp axial electrode and a smooth at least partially coaxial 
ground electrode comprises flowing gas through a tube hous- 
ing in which the ground electrode is a ring electrode is at least 
partially coaxially disposed. 

20 12. The method of claim 11 where flowing gas through a 

tube housing in which the ground electrode is a ring electrode 
comprises flowing gas through a tube housing in which the 
ring electrode has an inner surface flush with an inner surface 
of the tube housing. 

25 13. The method of claim 11 where flowing gas through a 

tube housing comprises flowing gas through the ring elec- 
trode which is a flush axial extension of the tube housing. 

14. The method of claim 11 where a gap distance is pro- 
vided between the axial electrode and ground electrode and 

30 where operating the plurality of ion driven wind generator 
stages comprises providing a gap distance approximately 
equal to the diameter of the tube housing. 

1 5 . The method of claim 1 0 where operating the plurality of 
ion driven wind generator stages comprises providing each 

35 axial electrode with a pin point and completely insulating the 
axial electrode except for the pin point. 

1 6 . The method of claim 1 0 where operating the plurality of 
ion driven wind generator stages comprises applying an alter- 
nating voltage polarity to the plurality of axial electrodes, 

40 providing each axial electrodes has a corresponding upstream 
coaxial electrode, and maintaining each axial electrode at the 
same voltage polarity as its corresponding upstream coaxial 
ground electrode. 

17. The method of claim 10 further comprising applying a 
45 negative voltage source coupled to the axial electrode at the 

highest negative potential that can be achieved without elec- 
trical breakdown. 

18. The method of claim 10 further comprising providing 
dehumidified air to the plurality of stages. 



